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Dynamics I: Motion Along a Line 


Conceptual Questions 

6.1. (a) Static equilibrium. The barbell is not accelerating and has a velocity of zero, (b) Dynamic equilibrium. The 
girder is not accelerating but has a nonzero constant velocity, (c) Not in equilibrium. Slowing down means the 
acceleration is not zero, (d) Dynamic equilibrium. The plane is not accelerating but has a nonzero constant velocity, 
(e) Not in equilibrium. The box slows down with the truck, so has a nonzero acceleration. 

6.2. No. The ball is still changing its speed, and just momentarily has zero velocity. 

6.3. Kat is closest to the correct statement, which should read “Gravity pulls down on it, but the table pushes it up 
so that the net force on the book is zero.” 

6.4. No, because the net force is not necessarily in the same direction as the motion. For example, a car using its 
brakes to slow its forward motion has a net force opposite its direction of motion. 

6.5. 



Gravity Fa 


Equal. The tension in the cable is equal to the force of gravity, since the net force must be zero in order for the 
elevator to move with constant speed. 
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6 . 6 . 



Gravity Fa 


Greater. Since the elevator is slowing down as it moves downward, it has an upward net force, so the tension must be 
greater than the gravitational force. 

6.7. (a) False. The mass of an object is a measure of its inertia, which is the same regardless of location. 

(b) True. The weight of an object is a measurement of how much force an object presses down on a surface with, 
and varies depending on location and whether the object is accelerating. 

00 False. Mass and weight describe very different things, as pointed out in parts (a) and (b). 

6.8. Yes, the scale shows the astronaut’s weight on the moon, since it shows how hard the astronaut is pressing 
down on the surface of the moon. His weight is different on the earth, of course. 

6.9. d > b = c > a. The net force on each ball is the gravitational force mg, so the net force on the balls is ranked by 
mass. 

6.10. Correct. There will be a correct amount of salt in the pan balance since a pan balance measures mass, which is 
independent of any gravitational force or acceleration present. 

6.11. The ball filled with lead is more massive. Since the balls are weightless, the astronaut must measure their 
inertia (mass) directly. One easy option is to move each ball side to side in turn. More force is required to change the 
more massive lead-filled ball’s direction of motion. 

6.12. Larger. A free-body diagram for the book is shown in the figure. The normal force of the table on the book is 
larger than its weight, since the net force is zero. 



6.13. Both boxes are in equilibrium and the net force on each is zero. The static friction force to the left must be exactly 
the same magnitude as the tension (pulling) force to the right in each case. So the two friction forces are equal. 
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6.14. (a) 2 s Your constant push F x provides the net force, so the puck accelerates with constant acceleration 
F 

a x = —. From kinematics, with v ix = 0, 
m 


v = a x At = 



At. 


If the mass is doubled, the time must also be doubled to reach the same speed, so you must push for a time 
2(A t) = 2 s. 

(b) 1 .4 s From kinematics, with x t =0and v ix =0, 


I f, 


= AO 


If m is doubled, then (At) 2 must be doubled, which means At is increased by a factor of ~J2. So you must push for 
a time \[l (At) = a/ 2 (1 s) = 1.4 s. 


6.15. 



F,, 


(a) d. Kinetic friction / k = ju k n determines the horizontal acceleration a = — , which slows down the block. From 

m 

the free-body diagram, n =F G = mg. So a = — k/ ”— ^ = -// k g, which is independent of mass. Note that changing 

m 

the mass has no effect on the distance the block slides. 

(b) 4d. From kinematics, with v fx = 0, 


a —\ = v 0x "2(/4g)A* 
5 


■ Ax = - 


'Ox 


2 Fkg 


Thus Ax x vq x , and we use proportional reasoning: 


Ax 


Vo.v (2 V(h:) 2 


• Ax = Ad 


6.16. North. The friction force on the crate is the only horizontal force and is responsible for speeding the crate up 
along with the truck. Therefore the friction force points in the same direction as the motion of the crate. 

6.17. a e > a a = a b > a d > a c- The balls all have the same cross-sectional area A. All of the balls have gravity 

. . 1 7 . 

pulling down, resulting in an acceleration g. The drag force D = jAv results in an addition or subtraction to g of 
D. For ball e, the drag force adds to gravity, resulting in a higher acceleration. D = 0 for balls a and b. The drag 
force opposes gravity for balls c and d, and since m d > m c , a d > a c . 
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Exercises and Problems 
Exercises 

Section 6.1 The Equilibrium Model 

6.1. Model: We can assume that the ring is a particle. 

Visualize: 

Pictorial representation 



This is a static equilibrium problem. We will ignore the weight of the ring, because it is “very light,” so the only three 
forces are the tension forces shown in the free-body diagram. Note that the diagram defines the angle 0. 

Solve: Because the ring is in equilibrium it must obey F net = 0 N. This is a vector equation, so it has both x- and 
y-components: 

( F n e t)x= T 3 cos0 - T 2 =ON^r 3 cos0 = r 2 
(Enet )y = 7] - T 3 sin# = 0 N => T 3 sin# = 7] 

We have two equations in the two unknowns f and 0. Divide the y-equation by the x-equation: 


71 sin 0 71 

-= tant? = — 

f cost? T 2 


— = 1.6^t? = tan- 1 (1.6) = 58° 
50 N 


Now we can use the x-equation to find 




50 N 


= 94 N 


cos0 cos58° 

The tension in the third rope is 94 N directed 58° below the horizontal. 


6.2. Model: We can assume that the ring is a single massless particle in static equilibrium. 
Visualize: 

Pictorial representation 



Solve: Written in component fonn, Newton’s first law is 

(^net)* = = T lx + T 2x t-T^^ON (Tnet)v = 'LF y =T ly + T 2y + T 3y = 0 N 
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Evaluating the components of the force vectors from the free-body diagram: 

T u = ~T\ T lx = 0 N T 3x = T 3 cos30° 
^=0N T 2y =T 2 T 3y =-T 3 sin30° 

Using Newton’s first law: 

-7] +r 3 cos30° = 0 N T 2 -r 3 sin30° = 0 N 


Rearranging: 

7] =7’ 3 cos30° = (100 N)(0.8666) =86.7 N T 2 =r 3 sin30° = (100 N)(0.5) = 50.0 N 
Assess: Since T 3 acts closer to the jc-axis than to the v-axis, it makes sense that 7} >T 2 . 


6.3. Model: We can assume that the coach and his sled are a particle being towed at a constant velocity by the two 
ropes, with friction providing the force that resists the pullers. 

Visualize: 


Pictorial representation 



Known 
/ k = 1000 N 
0 = 20 ° 
v = 2.0 m/s 


Find 

T\ h 


Solve: Since the sled is not accelerating, it is in dynamic equilibrium and Newton’s first law applies: 

(^net).r = ^ F x = T \x + T 2x + fkx = 0 N (7^)^ = 'LF y = T Xy + T 2y + / kj = 0 N 
From the free-body diagram: 




l 


( 1 ^ 

. (1 ^ 

- o \ 

-73 sin —6 

U J 

v2 J 


From the second of these equations 7] =T 2 . Then from the first: 

1000N 1000 N 


27]cosl0° = 1000 N => 7] = 


2eoslO c 


1.970 


= 508 N = 510 N 


Assess: The two tensions are equal, as expected, since the two players are pulling at the same angle. The two add up to 
only slightly more than 1000 N, which makes sense because the angle at which the two players are pulling is small. 


6.4. Model: We assume the speaker is a particle in static equilibrium under the influence of three forces: gravity 
and the tensions in the two cables. 
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Visualize: 

Pictorial representation 

Known _ 

m - 20 kg 
L, = Lq = 3.0 m 
d = 2.0 m 

Find 

T, % 

Solve: From the lengths of the cables and the distance below the ceiling we can calculate 0 as follows: 

sin 0 = — = 0.677 => 0 = shT 1 0.667 = 41.8° 

3 m 

Newton’s first law for this situation is 

(^net)* = ^ F x = T \x + T 2x = 0 N => ~ T l COS 0 + T 2 COS# = 0 N 
(F ne t),, = £ F y = T ]y +T 2y + w y = 0 N => T x sin0+ T 2 sm6 - w = 0 N 
The x-component equation means T\ = T 2 . From they-component equation: 

271sin^ = w^71=^ = ^= (20kg)(9 - 8m/s2) = 196N_ = i47 n 
2sin6» 2smd 2sin41.8° 1.333 

Assess: It’s to be expected that the two tensions are equal, since the speaker is suspended symmetrically from the 
two cables. That the two tensions add to considerably more than the weight of the speaker reflects the relatively large 
angle of suspension. 

6.5. Model: We assume the gymnast is a particle in static equilibrium. 

Visualize: There are five forces: one on each hand and foot from the walls, and the gravitational force. The gymnast 
has a mass of 65 kg, so the gravitational force is (65 kg)(9.8 m/s 2 ) = 637 N. 

Pictorial representation 

- f s from left hand >' /s from ri ? h ' hand 

m = 65 kg \. / 

Find _ / s from left leg —I I I I-/ s from right leg 

/ s for each 1 U 1 _ x 

hand and foot 

= o f g 


Solve: Since the forces on each hand and foot are all equal and upward, they must each be % of the magnitude of the 
downward gravitational force, or (637 N)/4 = 160 N. 

Assess: Gymnasts can exert this kind of force with their hands and feet. 
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6.6. Model: Model the worker as a particle. 

Visualize: In equilibrium the net force is zero in both directions. There must be a static friction force to keep her 
from sliding off. 


Pictorial representation 



Solve: We only need to examine the y-direction. 

(LF) V = n-mgcosO = 0 => n = mgcos0 = (850 N)(cos20°) = 799 N » 800 N 

Assess: A good way to assess solutions like this is to consider what happens in the limit as 0 —> 0 and as 9 —■> 90°. 
In the first case n -> mg and in the second n —> 0 as expected. 


6.7. Model: The plastic ball is represented as a particle in static equilibrium. 
Visualize: 


Pictorial representation 


v 



Known _ 

in = I g = 0.0010 kg 
L = 60 cm 0 = 20° 

Find 

Fckc and T 


Solve: (a) The electric force, like the weight, is a long-range force. So the ball experiences the contact force of the 
string’s tension plus two long-range forces. The equilibrium condition is 

(^net)i- = T x + (^elec)x = T sin 0~F elec = 0 N 
( F net)v = T y + ( F G )y = T COS 0 - mg = 0 N 

We can solve the y-equation to get 

r _ mg _ (0.001 kg)(9.8 m/s 2 ) _ oolooj 
cos# cos20° 

Substituting this value into the x-equation, 

F e i ec =T sin# = (1.04xl(T 2 N)sin20° = 0.0036 N 
(b) The tension in the string is 0.0104N«0.010N. 
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Section 6.2 Using Newton’s Second Law 

6.8. Solve: Applying Newton’s second law to the diagram, 


a 


X 


(F net ) r 2.0 N-LON 
m 2.0 kg 


= -1.0 m/s 2 


(^net) 


net )y 


m 


3.0N-3.0 N 
2.0 kg 


= 0 m/s 2 


6.9. Solve: Three of the vectors lie along the axes of the tilted coordinate system. Notice that the angle between the 
3 N force and the -y-axis is the same 20° by which the coordinates are tilted. Applying Newton’s second law, 


a 


X 


N-i.O N-(3.0sin20°) N =1 49 m/g 2 , 1-S m/g : 
m 2.0 kg 


a 


y 


( F net)y 

m 


2.82 N-(3.0cos20°) N A . 2 

-= 0 m/s 

2.0 kg 


6.10. Solve: We can use the constant slopes of the three segments of the graph to calculate the three accelerations. 
For t between 0 s and 2 s, 


a 


X 



6 m/s -0s 
2 s 


= 3.0 m/s 2 


For t between 2 s and 6 s, 



12 m/s-6 s 
4 s 


= 1.5 m/s 2 


For t between 6 s and 8 s, Av t = 0 m/s, so a x = 0 m/s 2 . 
From Newton’s second law, at t = 1 s we have 


F net = ma x = (2.0 kg)(3.0 m/s 2 ) = 6.0 N 


At t = 4 s, 


F net =ma x =(2.0 kg)(1.5 m/s 2 ) = 3.0 N 
At t = 7 s, a x = 0 m/s 2 , so F net = 0.0 N. 

Assess: The magnitudes of the forces look reasonable, given the small mass of the object. 


6.11. Visualize: Assuming the positive direction is to the right, positive forces result in the object accelerating to the 
right and negative forces result in the object accelerating to the left. The final segment of zero force is a period of 
constant speed. 

Solve: We have the mass and net force for all the three segments. This means we can use Newton’s second law to 
calculate the accelerations. The acceleration from / = 0stol = 3sis 


a x 


F x _ 4N 

m 2.0 kg 


= 2 m/s 2 


The acceleration from t = 3 s to t = 5 s is 


F x 

a r = — = 


- 2N =-lm/s 2 


2.0 kg 

The acceleration from 1=5 s to 8 s is a x = 0 m/s 2 . In particular, a x (a\. t = 6 s) = 0 m/s^. 
We can now use one-dimensional kinematics to calculate v at 1 = 6 s as follows: 


v-v 0 +fli(6 -t 0 ) + a 2 {t 2 ~t 0 ) 

= 0 + (2 m/s 2 )(3 s) + ( -1 m/s 2 )(2 s) = 6 m/s -2 m/s = 4 m/s 

Assess: The positive final velocity makes sense, given the greater magnitude and longer duration of the positive F l . 


6.12. Model: We assume that the box is a particle being pulled in a straight line. Since the ice is frictionless, the 
tension in the rope is the only horizontal force. 
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Visualize: 


Pictorial representation 



Solve: (a) Since the box is at rest, a x = 0 m/s 2 , and the net force on the box must be zero. Therefore, according to 
Newton’s first law, the tension in the rope must be zero. 

(b) For this situation again, a x = 0 m/s 2 , so F net = T = 0 N. 

(c) Here, the velocity of the box is irrelevant, since only a change in velocity requires a nonzero net force. Since 
a x =5.0 m/s 2 , 


F Det =T = ma x =(50 kg)(5.0 m/s 2 ) = 250 N 

Assess: For parts (a) and (b), the zero acceleration immediately implies that the rope is exerting no horizontal force 
on the box. For part (c), the 250 N force (the equivalent of about half the weight of a small person) seems reasonable 

to accelerate a box of this mass at 5.0 m/s 2 . 


6.13. Model: We assume that the box is a point particle that is acted on only by the tension in the rope and the pull 
of gravity. Both the forces act along the same vertical line. 

Visualize: 


Pictorial representation 


- 

•T 

^ I- x 



Solve: (a) Since the box is at rest, a v = 0 m/s 2 and the net force on it must be zero: 

F net =T-F g = 0N=>r = Fq = mg = (50 kg)(9.8 m/s 2 ) = 490 N 

(b) Since the box is rising at a constant speed, again a v = 0 m/s 2 , F net = 0 N, and T = F G = 490 N. 

(c) The velocity of the box is irrelevant, since only a change in velocity requires a nonzero net force. Since 
a v = 5.0 m/s 2 , 

F net = T — Fq = may = (50 kg)(5.0 m/s 2 ) = 250 N 
=>T = 250 N + w = 250 N + 490 N = 740 N 
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(d) The situation is the same as in part (c), except that the rising box is slowing down. Thus a v = -5.0 m/s 2 and we 
have instead 

F nct =T-F Q =ma y = (50 kg)(-5.0 m/s 2 ) = -250 N 
=>r = -250 N + F G = -250 N + 490 N = 240 N 

Assess: For parts (a) and (b) the zero accelerations immediately imply that the gravitational force on the box must be 
exactly balanced by the upward tension in the rope. For part (c) the tension not only has to support the gravitational 
force on the box but must also accelerate it upward; hence, T must be greater than F G . When the box accelerates 
downward, the rope need not support the entire gravitational force, hence, T is less than Fq. 

6.14. Model: Model the train as a particle obeying the second law. 

Visualize: The net force is equal to the friction force. 

Solve: 

f k =F net =ma=( 2.0xl0 7 kg)(1.2 m/s 2 ) = 2.4xl0 7 N 

Assess: The units check out. 

6.15. Model: Model the spaceship as a particle obeying the kinematic equations. 

Visualize: The net force is equal to the thrust force. 

Pictorial representation 
Begin coasting 

(fcl 1 1> ©dn> Known _ 

m= 8.0 x I0 4 kg 

X|,V|,f| -t 2 ,v 2 »/ 2 ~ 1200 kN 

= 20 s 

jc 2 —JT| = 12 km 

Find 

r 2 —/. 

v % ► > ► > -m -»•--»«- » 


Start from rest 

: iSira> 

•'•O’ •'O’ to 


Solve: 


v i = v 0 + = 0 + 


F t 


thrust 

m 


(t\ -to) - 


( 1200 kN A 
8.0xl0 4 kg 


(20 s) = 300 m/s 


t 2 h - A t 2 - - 


Ax • 


2 _X 2 ~Xi 


n 


n 


12 km 
300 m/s 


= 40 s 


Assess: This seems reasonable for a spaceship. 


6.16. Visualize: All the motion is in the horizontal (i.e., x) direction. Acceleration is the second derivative of position. 

Solve: The first derivative is v = — = (6f 2 —6t) m/s. The second derivative is a =— = (12f-6) m/s 2 . Apply 

dt dt 

Newton’s second law: F = ma = (2.0 kg)((12f - 6) m/s 2 ). Plug in the two values for t. 


(a) 


F\ 0s =(2.0 kg)((12(0 s)-6) m/s 2 ) = -12 N 


(b) 


F| ls = (2.0 kg)((12(l s) - 6) m/s 2 ) = 12 N 
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Assess: The net force changed direction between t = Os and t = 1 s. 

Section 6.3 Mass, Weight, and Gravity 

6.17. Model: Use the particle model for the woman. 

Solve: (a) The woman’s weight on the earth is 

w earth = "dearth = ( 55 kg)(9.80 m/s 2 ) = 540 N 

(b) Since mass is a measure of the amount of matter, the woman’s mass is the same on Mars as on the earth. Her 
weight on Mars is 

t%ars = m SMms = ( 55 k g)(3-76 m/s 2 ) = 210 N 

Assess: The smaller acceleration due to gravity on Mars reveals that objects are less strongly attracted to Mars than 
to the earth. Thus the woman’s smaller weight on Mars makes sense. 

6.18. Model: We assume that the passenger is a particle subject to two vertical forces: the downward pull of 
gravity and the upward push of the elevator floor. We can use one-dimensional kinematics and Equation 6.10. 
Visualize: 

Pictorial representation 


t* 


Motionless Accelerating Moving upward 

upward at constant speed 

(a) (b) (c) 

Solve: (a) The weight is 

w = mg ^1 + — j = + = m S = (60 kg)(9.80 m/s 2 ) = 590 N 

(b) The elevator speeds up from v 0v = 0 m/s to its cruising speed at v = 10 m/s. We need its acceleration before we 
can find the apparent weight: 

Av 10 m/s - 0 m/s . . ,2 

a,, = — =-= 2.5 m/s 

- v At 4.0 s 

The passenger’s weight is 

w = mg[ 1 + — 1 = (590 N)f 1 + 2 ' 5 m/s , ] = (590 N)(l .26) = 740 N 

{ g J { 9.80 m/s 2 J 

(c) The passenger is no longer accelerating since the elevator has reached its cruising speed. Thus, w = mg = 590 N 
as in part (a). 

Assess: The passenger’s weight is the gravitational force on the passenger in parts (a) and (c), since there is no 
acceleration. In part (b), the elevator must not only support the gravitational force but must also accelerate him 
upward, so it’s reasonable that the floor will have to push up harder on him, increasing his weight. 
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6.19. Model: We’ll assume Zach is a particle moving under the effect of two forces acting in a single vertical line: 
gravity and the supporting force of the elevator. 

Visualize: 

Pictorial representation 


Vo -'() 


V|.f| A 



\> 


' *+ ' 


Known 
v 0 = -10 m/s 

v l =0 

i o = 0 

l , = 3.0 s 
m = 80 kg 

Find 




x 


Solve: (a) Before the elevator starts braking, Zach is not accelerating. His weight is 


7 


w = mg 


( 


1h— \ = mg 
V g 


1 + 


0 m/s 


2 ) 


■ mg = (80 kg)(9.80 m/s 2 ) = 784 N 


Zach’s weight is 7.8 xlO 2 N. 

(b) Using the definition of acceleration, 


a = Av = ^o = 0-(-10)m/s =3-33m/s2 


A t /j t 0 


3.0 s 


■ w = mg j 1H— 
g 


= (80 kg)(9.80 m/s 2 ) 


( 3.33 m/s 2 1 

9.80 m/s 2 


= (784 N)(l +0.340) = 1050 N 


Now Zach’s weight is 1.05xl0 3 Nal.lkN. 

Assess: While the elevator is braking, it must not only support the gravitational force on Zach but also push upward 
on him to decelerate him, so his weight is greater than the gravitational force. 


6.20. Model: We assume that the passenger is a particle acted on by only two vertical forces: the downward pull of 
gravity and the upward force of the elevator floor. 

Visualize: The graph has three segments corresponding to different conditions: (1) increasing velocity, meaning an 
upward acceleration; (2) a period of constant upward velocity; and (3) decreasing velocity, indicating a period of 
deceleration (negative acceleration). 

Solve: Given the assumptions of our model, we can calculate the acceleration for each segment of the graph and then 
apply Equation 6.10. The acceleration for the first segment is 

Vi - v n 8 m/s - 0 m/s . . 2 

a = -1-^ =-= 4 m/s" 

y t\~t$ 2s-0s 



f o 

f 

=> w = mg j 

1+^f 

l g 7 

= mg 

V 


4 m/s 2 
9.80 m/s 2 y 


= (75 kg)(9.80 m/s 2 )' 


1 + 



= 1035 N 
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For the second segment, a = 0 m/s 2 and the weight is 


w = mg 


1 + 


0 m/s 
g 


2 \ 


= mg = (75 kg)(9.80 m/s“) = 740 N 


For the third segment, 


> w = mg 


_ v 3 ~ v 2 
y h~t 2 

( -2 m/s 2 

1 + - 


v 


9.80 m/s 2 


0 m/s - 8 m/s . . ? 

=-= -2 m/s 

10 s-6 s 

\ 

= (75 kg)(9.80 m/s 2 )(l-0.2) = 590 N 


Assess: As expected, the weight is greater than the gravitational force on the passenger when the elevator is 
accelerating upward and lower than normal when the acceleration is downward. When there is no acceleration the 
weight is the gravitational force. In all three cases the magnitudes are reasonable, given the mass of the passenger and 
the accelerations of the elevator. 


6.21. Model: We assume the rocket is a particle moving in a vertical straight line under the influence of only two 
forces: gravity and its own thrust. 

Visualize: 


Pictorial representation 


Known _ 

m = 200 g = 0.200 kg 
^tlirosi o=10 m/s 2 

SEarth = 9 80 m/s 2 
#Moon = 1-62 m/s 2 

f Find 

r o - 

/[ h ni si 


Solve: (a) Using Newton’s second law and reading the forces from the free-body diagram, 

F th ru S t —F g = ma =>F thrust = ma + mg Ealth = (0.200 kg)(10 m/s 2 +9.80 m/s 2 ) = 3.96 N 
(b) Likewise, the thrust on the moon is (0.200 kg)(10 m/s 2 +1.62 m/s 2 ) = 2.32 N. 

Assess: The thrust required is smaller on the moon, as it should be, given the moon’s weaker gravitational pull. The 
magnitude of a few newtons seems reasonable for a small model rocket. 

6.22. Model: Represent the rocket as a particle that follows Newton’s second law. Assume no air resistance. 

Visualize: 


Pictorial representation 
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Solve: (a) The y-component of Newton’s second law is 


, = a = ^ - mg = 3 '° * 105 N -9.80 m/s 2 =5.2 m/s 2 

20,000 kg 


m 


m 


(b) At 5000 m the acceleration has increased because the rocket mass has decreased. Solving the equation of part (a) 
for m gives 


F, 


thrust _ 


*5000 m , _ . ? „ , 

a 5000 m + £r 6.0 m/s + 9.80 m/s 


3.0x10 N . 4 

-- = 1.9x10 kg 


The mass of fuel burned is m fue i = m initiat - m 5000 m = 1.0 x 10~ kg. 


6.23. Model: Model the earth as a particle obeying the second law. 

Visualize: The net force is equal to the gravitational force, given by Newton’s law of gravity. 

Solve: 

_ Tn e tn s 

q e =^ = ^^ = ^= (6 - 67xl °" 1 Nm 2 /kg 2 )(1.99xl0 3 ° kg) = 5 90xl0 ., ^ 
m e m e r 2 (1.50x10 1 m) 2 

Assess: Notice the mass of the earth canceled out, which means we didn’t need it. This also means the acceleration 
would be the same for any object in free fall around the sun at the distance of the earth’s orbit, as stipulated by 
Galileo’s law of falling bodies. 


Section 6.4 Friction 

6.24. Model: We assume that the safe is a particle moving only in the x-direction. Since it is sliding during the 
entire problem, we can use the model of kinetic friction. 

Visualize: 


Pictorial representation 


V 




Solve: The safe is in equilibrium, since it’s not accelerating. Thus we can apply Newton’s first law in the vertical 
and horizontal directions: 

(J’net ) x =ZF x =F b+ F c - A =0 N =>/ k =F b +F c =350 N + 385 N = 735 N 
(F net )_ v ='ZF y =n-F a = 0N=>m = F g = mg = (300 kg)(9.80 m/s 2 ) = 2.94x 10 3 N 


Then, for kinetic friction: 


/k=Ak«=>/4= — 


735 N 


n 2.94xl0 3 N 

Assess: The value of =0.250 is hard to evaluate without knowing the material the floor is made of, but it seems 
reasonable. 


■ = 0.250 
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6.25. Model: We assume that the mule is a particle acted on by two opposing forces in a single line: the farmer’s 
pull and friction. The mule will be subject to static friction until (and if!) it begins to move; after that it will be 
subject to kinetic friction. 

Visualize: 


Pictorial representation 



h max mule moves: kinetic 

friction thereafter 


v 



Solve: Since the mule does not accelerate in the vertical direction, the free-body diagram shows that n =F G =mg. 
The maximum friction force is 

/smax =// s mg = (°-8)( 1 20 kg)(9.80 m/s 2 ) = 940 N 

The maximum static friction force is greater than the fanner’s maximum pull of 800 N; thus, the farmer will not be 
able to budge the mule. 

Assess: Maybe the farmer could put something smoother under the mule. Or if the farmer pulls up at an angle 
greater than 15 degrees it would decrease the nonnal force enough to move the mule. 

6.26. Model: We will represent the crate as a particle. 

Visualize: 

Pictorial representation 


y 

• n 

*) - x 



Direction 
of motion 

n -“■ 

7s 



(a) 


(b) 


Solve: (a) When the belt runs at constant speed, the crate has an acceleration 5=0 m/s 2 and is in dynamic 
equilibrium. Thus F net =0. It is tempting to think that the belt exerts a friction force on the crate. But if it did, there 

would be a net force because there are no other possible horizontal forces to balance a friction force. Because there is 
no net force, there cannot be a friction force. The only forces are the upward normal force and the gravitational force 
on the crate. (A friction force would have been needed to get the crate moving initially, but no horizontal force is 
needed to keep it moving once it is moving with the same constant speed as the belt.) 

(b) If the belt accelerates gently, the crate speeds up without slipping on the belt. Because it is accelerating, the crate 
must have a net horizontal force. So now there is a friction force, and the force points in the direction of the crate’s 
motion. Is it static friction or kinetic friction? Although the crate is moving, there is no motion of the crate relative to 
the belt. Thus, it is a static friction force that accelerates the crate so that it moves without slipping on the belt. 

(c) The static friction force has a maximum possible value (/ s ) max = /J s n. The maximum possible acceleration of 
the crate is 

(Ts) max _ 

m 
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If the belt accelerates more rapidly than this, the crate will not be able to keep up and will slip. It is clear from the 
free-body diagram that n=F G = mg. Thus, 

a max = Ms8 = (0.5)(9.80 m/s 2 ) = 4.9 m/s 2 


6.27. Model: Model the cabinet as a particle. 
Visualize: In equilibrium the net force is zero. 


1 



F= 200 N 




-« 1 




Solve: The cabinet is in static equilibrium, so the static frictional force must have the same magnitude as Bob’s 
pulling force: 200 N. 

Assess: A possible misconception is that f s = /jn always. That value is the maximum possible value. If Bob pulled 
harder and harder and got up to jin = 235 N then the cabinet would move. But the static frictional force can easily 
be less than this value. 


6.28. Model: Model the cart as a particle. 

Visualize: 



Solve: (a) When the friction is neglected the acceleration is as if it were sliding down without friction and the 
acceleration is a = gsin/? = (9.80 m/s 2 )sinl5° = 2.5 m/s 2 . 

(b) Taking friction into account we apply the second law in both directions. 

YjF x = mg sin 6- f r = ma with = ji r n 

T.F V = n — mg cos 9 = 0 => n = mg cos 9 
Insert n into the first equation and solve for a. 

mg sin 9-ju r n = ma 
mg sin 9 - ju,.mg cos 9 = ma 
g sin 9 - /U r g cos 9 = a 

a ~ g(sin9- ju r cos60 = (9.8 m/s 2 )(sinl5°-0.02cosl5°) = 2.3 m/s 2 
Assess: The number is a bit less than without friction, as we expected. It is also worth noting that the first term of 
the answer to part (b) is the answer to part (a), and the answer reduces to the part (a) answer as the coefficient of 
friction gets negligibly small. We did not need to know the mass of the cart. 
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6.29. Model: We assume that the truck is a particle in equilibrium, and use the model of static friction. 

Visualize: 

Pictorial representation 


Known 
* 0=15° 

m = 4000 kg 

Find 

~ 


l-G 



Solve: The truck is not accelerating, so it is in equilibrium, and we can apply Newton’s first law. The normal force 
has no component in the x-direction, so we can ignore it here. For the other two forces: 

(F net ) x = TF X =f s - (F q ) x = 0 N => / s = (F a ) x = mg sin9 = (4000 kg)(9.8 m/s 2 )(sinl5°) = 10,145 N ~ 10,000 N 
Assess: The truck’s weight (mg) is roughly 40,000 N. A friction force that is »25 of the truck’s weight seems 
reasonable. 

6.30. Model: The car is a particle subject to Newton’s laws and kinematics. 

Visualize: 


Pictorial representation 



Gravity F a 


Normal n 
Friction /j. 



•->» >> > > >< 

X;, Vj x f , v f 


Known _ 

m = 1500 kg 
Mk = 0.50 
v f = 0 

jCj = 0 x ( = 65 m 
Find 


Solve: Kinetic friction provides a horizontal acceleration which stops the car. From the figure, applying Newton’s 
first and second laws gives 

ZF X = -f k = ma x 
T.F y =n-F G =0=i>n = F G = mg 
Combining these two equations with / k = /j k n yields 

a x = ~/u k g = -(0.50)(9.80 m/s 2 ) = -4.9 m/s 

Kinematics can be used to detennine the initial velocity. 

2 2 2 
Vf = Vj + 2aAx => Vj = —2a x Ax 

Thus Vj - yj— 2(-4.9 m/s 2 )(65 m-0 m) -25 m/s 
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Assess: The initial speed of 25 m/s « 56 mph is a reasonable speed to have initially for a vehicle to leave 65-meter- 
long skid marks. 

6.31. Model: We treat the train as a particle subject to rolling friction but not to drag (because of its slow speed and 
large mass). We can use the one-dimensional kinematic equations. Look up the coefficient of rolling friction in the 
table. 

Visualize: 

Known 

m = 50,000 kg 

H r = 0.002 

i’o = 10 m/s 

r ,=0 

Find 


Pictorial representation 




Solve: The locomotive is not accelerating in the vertical direction, so the free-body diagram shows us that 
n=F G = mg. Thus, 

/ r =/t r mg = (0.002)(50,000 kg)(9.80 m/s 2 ) =980 N 
From Newton’s second law for the decelerating locomotive, 

a x ~ 980 N =_o.o 1960 m / s 2 

m 50,000 kg 

Since we’re looking for the distance the train rolls, but we don’t have the time: 

Vi 2 -vg = 2a A .(Ax) => Ax = Vl ~ V ’° = ( ° m/s - ~ (1 ° m/ ^ = 2.55x 10 3 m«2.6xl0 3 m 
2 a x 2(-0.01960 m/s 2 ) 


Assess: The locomotive’s enormous inertia (mass) and the small coefficient of rolling friction make this long 
stopping distance seem reasonable. 
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6.32. Model: The box of shingles is a particle subject to Newton’s laws and kinematics. 

Visualize: 



Known 
m = 2.5 kg 
jCj = 0 m ,v f = 5.0 m 
Mk = 0.55 
v f = 0 m/s 

Find 

a, Vi 

Solve: Newton’s laws can be used in the coordinate system in which the direction of motion of the box of shingles 
defines the +x-axis. The angle that F G makes with the -y-axis is 25°. 

(ZF) X =F G sin25°-/ k =ma 
(LF) v = n-F G cos25° = 0 => n =F G cos25° 

We have used the observation that the shingles do not leap off the roof, so the acceleration in the y-direction is zero. 
Combining these equations with f k = /u k n and F G = mg yields 

mg sin 25° - Fk m S cos 25 ° = ma 
=> a = (sin25° - // k cos25°)g = -0.743 m/s 2 

where the minus sign indicates the acceleration is directed up the incline. The required initial speed to have the box 
come to rest after 5.0 m is found from kinematics. 

v 2 =v i +2aAx=>vf = —2(—0.743 m/s 2 )(5.0 m)=>V;=2.7 m/s 

Assess: To give the shingles an initial speed of 2.7 m/s requires a strong, determined push, but is not beyond 
reasonable. 


»’i 
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6.33. Model: We assume that the plane is a particle accelerating in a straight line under the influence of two 
forces: the thrust of its engines and the rolling friction of the wheels on the runway. We can use one-dimensional 
kinematics. 

Visualize: 


Pictorial representation 





Known _ 

in = 75,000 kg 
v 0 = 0 i’, = 82 m/s 

l 0 = 0 t, = 35 s 
*o = ° 

Find 



Starts 




Takeoff 



Solve: We can use the definition of acceleration to find a, and then apply Newton’s second law. We obtain: 

Av 82 m/s - 0 m/s ... ,2 

a =— =-= 2.34 m/s 

At 35 s 

(F net ) = 'LF X = F thrust - f x = ma => F thrust = f t + ma 

For rubber rolling on concrete, /u r =0.02 (Table 6.1), and since the runway is horizontal, n = F G = mg. Thus: 

^thrust = Mr^G + ma = Fr m g + m a = m(jU r g + a) 

= (75,000 kg)[(0.02)(9.8 m/s 2 ) + 2.34 m/s 2 ] = 190,000 N 

Assess: It’s hard to evaluate such an enormous thrust, but comparison with the plane’s mass suggests that 190,000 N 
is enough to produce the required acceleration. 

Section 6.5 Drag 

6.34. Model: Ignore the drag on the wings and focus on the cylindrical fuselage. 

Visualize: The net force is zero as the jet cruises at 230 m/s, so the thrust must be equal in magnitude to the drag. 
The gravitational and lift forces are equal in magnitude and opposite in direction. 



Known _ 

D = 3.8 m => r= 1.9 m 
C = 0.37 
p = 1.0 kg/m 3 
r = 230 m/s 
m = 85.000 kg 

Find _ 

r 

1 thrusi 
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Solve: 

thrust =F^ g =\c P Av 2 = ±(0.37)(1.0 kg/m 3 )[/r(1.9 m) 2 ](230 m/s) 2 =110 kN 
Assess: The thrust force must be large, but it is within the capability of jet engines. 

6.35. Model: We assume that the skydiver is shaped like a box and is a particle. But we will also model the diver 
as a cylinder falling end down to use C = 0.8. 

Visualize: 

Pictorial representation 


y 



40 cm 


Direction Box model 

of fall of the failing 

(skydiver) skydiver 


y 

Known _ 

m = 75 kg 

Box: 20 cm x 40 cm x 180 cm 

Find __ 

v ’term 


Free-body diagram 
at terminal speed 

Fnet = 0 when the terminal 
speed is reached. 


The skydiver falls straight down toward the earth’s surface, that is, the direction of fall is vertical. Since the skydiver 
falls feet first, the surface perpendicular to the drag has the cross-sectional area A = 20 cm x 40 cm. The physical 
conditions needed to use Equation 6.15 for the drag force are satisfied. The terminal speed corresponds to the 
situation when the net force acting on the skydiver becomes zero. 

Solve: The expression for the magnitude of the drag with v in m/s is 

D ~^CpAv 1 = 0.5(0.8)(1.2 kg/m 3 )(0.20x0.40)v 2 N = 0.038v 2 N 

The gravitational force on the skydiver isF G = mg = (75 kg)(9.8 m/s 2 ) = 735 N. The mathematical fonn of the 
condition defining dynamical equilibrium for the skydiver and the terminal speed is 

4t=4+^ = 0N 


=>0.038v 2 erm N-735 N = 0 N^v term = J— *140 m/s 

Assess: The result of the above simplified physical modeling approach and subsequent calculation, even if 
approximate, shows that the terminal velocity is very high. This result implies that the skydiver will be very badly 
hurt at landing if the parachute does not open in time. 
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6.36. Model: We will represent the tennis ball as a particle. The drag coefficient is 0.5. 

Visualize: 


Pictorial representation 



I 


Falling ball 



Cross-sectional 

area 


Free-body diagram 


The tennis ball falls straight down toward the earth’s surface. The ball is subject to a net force that is the resultant of 
the gravitational and drag force vectors acting vertically, in the downward and upward directions, respectively. Once 
the net force acting on the ball becomes zero, the terminal velocity is reached and remains constant for the rest of the 
motion. 

Solve: The mathematical equation defining the dynamical equilibrium situation for the falling ball is 

^net=^G+^ = 0N 

Since only the vertical direction matters, one can write: 

IF V =0N^ F net =D-F G =0K 

When this condition is satisfied, the speed of the ball becomes the constant terminal speed v = v term . The magnitudes 
of the gravitational and drag forces acting on the ball are: 

F g = mg = m( 9.80 m/s 2 ) 

D*^(CpAvl rm ) = 0.5(0.5)(1.2 kg/m 3 )(^ 2 )v t 2 erm = (0.3;r)(0.0325 m) 2 (26 m/s) 2 =0.67 N 

The condition for dynamic equilibrium becomes: 

(9.80 m/s 2 )m -0.67 N = 0 N => m = °' 67 = 69 g 

9.80 m/s 2 

Assess: The value of the mass of the tennis ball obtained above seems reasonable. 

Problems 

6.37. Visualize: 


a x (m/s 2 ) 



/(s) 
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The acceleration is a x =F x /m, so the acceleration-versus-time graph has exactly the same shape as the force-versus- 
time graph. The maximum acceleration is a max = F max /m = (6 N)/(2 kg) = 3 m/s 2 . 

Solve: The acceleration is not constant, so we cannot use constant-acceleration kinematics. Instead, we use the more 
general result that 

v(t) = v 0 + area under the acceleration curve from 0 s to t 

The object starts from rest, so v 0 = 0 m/s. The area under the acceleration curve between 0 s and 3 s is a triangle with 
area x 3 m/s 2 x3 s = 4.5 m/sj. It does not gain any more speed from 3 s to 4 s, thus v x = 4.5 m/s at t = 4 s. 

6.38. Visualize: 


a x (m/s 2 ) 



We used the force-versus-time graph to draw the acceleration-versus-time graph. The peak acceleration was 
calculated as follows: 



Solve: The acceleration is not constant, so we cannot use constant acceleration kinematics. Instead, we use the more 
general result that 

v(t) = v 0 + area under the acceleration curve from 0 s to t 


The object starts from rest, so v 0 =Om/s. The area under the acceleration curve between Os and 6s is 
y(4 s)(2 m/s 2 ) = 4.0 m/s. We’ve used the fact that the area between 4 s and 6 s is zero. Thus, at ( = 6 s, 
v x =4.0 m/s. 
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6.39. Model: You can model the beam as a particle in static equilibrium. 

Visualize: 


Pictorial representation 


v 



Known 
m = 1000 kg 


= 6000 N 


Find 

F, and 7\ 


Solve: Using Newton’s first law, the equilibrium equations in vector and component form are: 

4t=2i+2 ! 2 +F G =6N 

(^net)i- = T U + T 2x + F Gx = 0 N 

(^net)y = T \y + T 2y + F Oy = 0 N 

Using the free-body diagram yields: 

-7j sin 0 l + T 2 sin# 2 = 0 N 7] cost^ + T 2 cos0 2 — F G = 0 N 

The mathematical model is reduced to a simple algebraic system of two equations with two unknowns, 7j and T 2 . 
Substituting 6\=20°, 0 2 =3O°, and F G = mg = 9800 N, the simultaneous equations become 

-7] sin20° + T 2 sin30° = 0 N 7] cos20° + T 2 cos30° = 9800 N 

You can solve this system of equations by simple substitution. The result is 7] = 6397 N * 6400 N and T 2 = 4376 N » 
4380 N. 

Assess: The above approach and result seem reasonable. Intuition indicates there is more tension in the left rope than 
in the right rope. 


6.40. Model: The elevator is a particle that obeys the second law. 

Visualize: The elevator must be accelerating downward during the first three seconds since the scale reads less than 
what it would normally read with Henry on it. But during the next 3.0 s the elevator is moving at a constant velocity. 
Solve: The scale reads n and mg = 930 N. During the first 3.0 s, 


F = n - mg = ma 


n-mg 830 N-930N 


m 


95 kg 


= -1.053 iiVV 


Now use the other kinematic equation to get the velocity after 3.0 s 

( v y)f = ( v y)i = (-1.053 m/s 2 )(3.0 s) = -3.2 m/s 

The negative sign means it is going down. The velocity doesn’t change in the next 3.0 s, so the velocity after 6.0 s is -3.2 m/s. 
Assess: This seems like a reasonable speed for an elevator. 
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6.41. Model: We can assume the foot is a single particle in equilibrium under the combined effects of gravity, the 
tensions in the upper and lower sections of the traction rope, and the opposing traction force of the leg itself. We can 
also treat the hanging mass as a particle in equilibrium. Since the pulleys are frictionless, the tension is the same 
everywhere in the rope. Because all pulleys are in equilibrium, their net force is zero. So they do not contribute to T. 

Visualize: 


Pictorial representation 


Hanging 

mass 



Known _ 

m foo<= 4k g 
T (from part a) 

Find 

e 


Solve: (a) From the free-body diagram for the mass, the tension in the rope is 

T = F g = mg = (6 kg)(9.80 m/s 2 ) = 58.8 N * 59 N 

(b) Using Newton’s first law for the vertical direction on the pulley attached to the foot, 

(F net ) y = ZF y =Tsmd-Tsm\5°-(F G ) {00t =0 N 

=>sing = rsml5 ° + ( ^)foot = slnl5 o + /!W = 0 . 259 + ( 4 k gX 9 - 80 m/s2 > =0.259 + 0.667 = 0.926 
T T 58.8 N 

=> 0 = sin -1 0.926 = 67.8° * 68° 

(c) Using Newton’s first law for the horizontal direction, 

(F net ) x =T.F x =Tcos0 + Tcosl5°- F traction = 0 N 

=> F traction = T cos6 + Tzos\5° = 7’(cos67.8° + cosl5°) 

= (58.8 N)(0.3778 + 0.9659) = (58.8 N)(l.344) = 79 N 

Assess: Since the tension in the upper segment of the rope must support the foot and counteract the downward pull 
of the lower segment of the rope, it makes sense that its angle is larger (a more direct upward pull). The magnitude of 
the traction force, roughly one-tenth of the gravitational force on a human body, seems reasonable. 

6.42. Model: We can assume the person is a particle moving in a straight line under the influence of the combined 
decelerating forces of the air bag and seat belt or, in the absence of restraints, the dashboard or windshield. 

Visualize: 


Pictorial representation 
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Solve: (a) In order to use Newton’s second law for the passenger, we’ll need the acceleration. Since we don’t have 
the stopping time: 


vf = Vq + 2a(x 1 -x 0 )=>a- 


v f 


2(x l -x 0 ) 


0 m 2 /s 2 -(15 m/s) 2 
2(1 m - 0 m) 


= -112.5 m/s 2 


• ^net = F = ma = (60 kg)(-l 12.5 m/s 2 ) = -6750 N 


The net force is 6750 N to the left. 

(b) Using the same approach as in part (a), 

2 2 

c- V 1 -v 0 

p=ma = m- 


2(x l -x 0 ) 

The net force is 1,350,000 N to the left. 


= (60 k ^mW-dSm/s) 2 = _^ 5Q(m N 
2(0.005 m) 


6.43. Visualize: We’ll use vf =vf +2atxs to find the acceleration of the balls, which will be inversely proportional 
to the mass of the balls. As = 15 cm and v ; = 0 in each case. 


Solve: Newton’s second law relates mass, acceleration, and net force: a=F —. If we graph a vs. — then the 

m m 


slope of the straight line should be the size of the piston’s force. 

Accel, vs. 1/m 

y = 59.12 lx - 4.9267. R 2 = 0.9929 



We see that the linear fit is very good. The slope is 59.12 N « 59 N; this is the size of the piston’s force. 

Assess: We are glad to see that the intercept of our line looks very small, even though we don’t have a ball the 
inverse of whose mass is zero. 


6.44. Model: The ball is represented as a particle that obeys constant-acceleration kinematic equations. 

Visualize: 


Piclorial representation 

Known 


.Vi, v 2 , /•> 


.V|. V|,/, 


-] • Max height 


.%'Vo 0 


“o 


y 0 = 0 1 ’ 0 =o 

/ 0 = 0 

m = 50 g = 0.050 kg 
T a ,r = 2 N 
y t = 1 m 


. Top of tube a i - _ 9-8 m/s 2 
a v, = 0 


Find 


Stops 


Starts 



While in tube 
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Solve: This is a two-part problem. During part 1 the ball accelerates upward in the tube. During part 2 the ball 
undergoes free fall (a = -g). The initial velocity for part 2 is the final velocity of part 1, as the ball emerges from the 
tube. The free-body diagram for part 1 shows two forces: the air pressure force and the gravitational force. We need 
only the v-component of Newton’s second law: 


(^net)y 


F a h~ F G 


F .; 


air 

m 


2 N 

0.05 kg 


-9.80 m/s 2 =30.2 m/s 2 


We can use kinematics to find the velocity Vj as the ball leaves the tube: 

V] 2 = Vq + 2a(v l - y 0 ) => Vj = ^2av l = -^2(30.2 m/s 2 )(l m) = 7.77 m/s 
For part 2, free-fall kinematics vf = v 2 -2g(y 2 —y{) gives 


'l i i 

v 2 -vi=- i - = 3.1m 

2g 


6.45. Model: Model the rocket as a particle. Assume the mass of the rocket is constant so the acceleration is 
constant. Assume the rocket starts from rest. Neglect air resistance. 

Visualize: We’ll use v 2 = v\ + 2a Ay to find the speed of the rocket. The net force is F thmst - mg. 

Solve: 

(a) Ay = h, v ; =0, a = F net /m 

v f 2 = v 2 + 2 a Ay = 2^ Fthurst ~ mg j/i 

For v as a function of h we have: 

v(h) = v f =^2(j^-gjh 

(b) For h =85 m 


9 5 N -i 

v = j2\ -9.8m/s‘ 1(85 m) =54 m/s 


0.35 kg 


Assess: This 54 m/s speed seems reasonable for a model rocket. 

Some of our assumptions would not be good approximations for large fast rockets that go very high: air resistance 
wouldn’t be negligible, and the fuel expended reduces the mass of the rocket which increases the acceleration. At 
very high altitudes (where air resistance no longer has an effect) even g decreases slightly. 
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6.46. Model: We will represent the bullet as a particle. 

Visualize: 


Pictorial representation 



- 1 - 

0 

•to. 1 ’ 0 . <o 




v 




Known 

o 

—1- x 

.<0 = 0 v 0 = 400 m/s 
f 0 = 0 

m = 10 g = 0.010 kg 

JC| = 0.12 m 
v, =0 

ri.v,./. 

Find 


A h 

A 

1 n 

^nei 

'Fa 


Solve: (a) We have enough infonnation to use kinematics to find the acceleration of the bullet as it stops. Then we 
can relate the acceleration to the force with Newton’s second law. (Note that the barrel length is not relevant to the 
problem.) The kinematic equation is 


- 2aAx : 


2 Ax 


(400 m/s) 2 

2(0.12 m) 


-6.67 xlO 5 m/s 2 


Notice that a is negative, in agreement with the vector a in the motion diagram. Turning to forces, the wood exerts 
two forces on the bullet. First, an upward normal force that keeps the bullet from “falling” through the wood. Second, 
a retarding frictional force / k that stops the bullet. The only horizontal force is / k , which points to the left and thus 
has a negative jc-component. The jc-component of Newton’s second law is 

(F net ) x = -f k = ma =>/ k = -ma = -(0.01 kg)(-6.67xlO 5 m/s 2 ) = 6670 N » 6700 N 

Notice how the signs worked together to give a positive value of the magnitude of the force. 

(b) The time to stop is found from Vj = v 0 + aAt as follows: 


A/ = -—= 6.00xl(T 4 s =600 fjs 
a 


6.47. Model: The truck is a particle that with no air resistance. We ignore rolling friction but not static friction. 
Visualize: The static friction force is the forward force that propels the truck up the hill. It is the reaction force to 
the force of the tires backward on the road and is due to the engine. It is the same before and after the load falls off. 
Use tilted axes, m ’ is the mass of the truck after the load falls off. 
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Solve: Use the second law before the load falls off to find the static friction force, then use the second law 
again after the load has fallen off and insert the expression for the static friction force. We actually only need the 
x-component of the second law. 

before: E F x = f s -mgsin/? = 0 => f s =mg sin/? 

after: E F x = f s —m'gsm0 = m'a=>mgsin0 — m'gsm0 = m'a 

Where we used f' s = f s . Now solve for m - rri, which is the mass of the load. 


mg sin 0 = in'(a + g sin 0) => m' = m 


a ' gsintf , . 

A m = m - m = m - m -= m 1 — - 


a+ gsin/? 


gsint? 
a + gsin0 

gsinl? 


= (7500 kg) 


1 -- 


(9.8 m/s )sinl5° 


a + gsinl? 


1.5 m/s 2 + (9.8 m/s 2 )sinl5° 


= 2800 kg 


Assess: Just over 1/3 of the total mass was the load; this is reasonable. 


6.48. Model: Model the object as a particle. Neglect air resistance. 

Visualize: We’ll use v\ = Vq + 2 a Ax to find the speed of the object. Since v 0 = 0, Vj =, j2a x L. 
We’ll also use Newton’s second law in both directions in order to find a x . 


l ’o. '()• Vo 



Known _ 

h = 12 m 
L = 100m 
8 = sin -1 h!L 
li k = 0.07 
m - 75 kg 
Vq = 0 m/s 


Find 


Solve: 

(a) 

£ F v =n- mgcos 0 = 0 => 7 ? = mgcos 0 
ZF x = mgsm0-f k =ma x 
mgsin 0 - /u k n = ma x 
mgsin 0 - J u k mgcos0 = ma x 

Cancel the m. 

a x =g(sin6 , -/^ k cos6 , ) 

Now put this back in to the equation for Vj. 

n = y]2a x L = ^2[g(sin0-ft k cos0)]L = ^2g|/i -ju k ^L 2 -h 2 j 

(b) For h = 12 m, L = 100 m, /u k = 0.07 we have 

v, = f 2(9.8 m/s 2 )((12 m-0.07)-y/(100 m) 2 -(12 m) 2 ) = 9.949 m/s ~ 9.9 m/s 
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Assess: Sam’s mass was extra unneeded information because m cancels out of the equation for Vj. Any skier, 
regardless of their mass, would achieve the same speed at the bottom of the same hill with the same 


6.49. Model: We assume that Sam is a particle moving in a straight horizontal line under the influence of two 
forces: the thrust of his jet skis and the resisting force of friction on the skis. We can use one-dimensional kinematics. 

Visualize: 


Pictorial representation 



0 0 
*<)• *’0. >0 •*t« v t»6 






x 2 , v 2 , l 2 


Known 


m = 75 kg 
^IhruM = 200 N 
/r k = 0.10 
tg = 0m 

r 0 = 0 m/s 


In — 0s 1 1 


Find 


10 s 


Stops 



Fg 

Coasting 


Solve: (a) The friction force of the snow can be found from the free-body diagram and Newton’s first law, since 
there’s no acceleration in the vertical direction: 

n=F G = mg = (75 kg)(9.80 m/s 2 ) = 735 N => / k = ju k n =(0.10)(735 N) = 73.5 N 

Then, from Newton’s second law: 


(F -v = Z 7 -f-mn ^>n - ^ lhrust - 200 N ~ 73 ' 5 N _< (.oj /„2 
vDiet/z ^thrust 'k ma 0 a 0 , 1.687 m/s 


75 kg 


From kinematics: 

v i = v 0 + a 0 /[ = 0 m/s + (1.687 m/s 2 )(10 s) = 16.9 m/s 
(b) During the acceleration, Sam travels to 

= x 0 + v 0 /j + ^a Q t\ = —(1.687 m/s 2 )(10 s) 2 = 84 m 
After the skis run out of fuel, Sam’s acceleration can again be found from Newton’s second law: 

(7Vt)z = -A = -73.5 N => = ^ 73 ' 5N = -0.98 m/s 2 


m 75 kg 


Since we don’t know how much time it takes Sam to stop: 


2 2 

v 2 = y i + 2a 1 (x 2 - Xj) x 2 -x 1 = 


v 2 -vf _ 0 m 2 /s 2 -(16.9 m/s) 2 


22(-0.98 m/s 2 ) 
The total distance traveled is ( x 2 + =145 m + 84 m = 229 m. 


= 145 m 
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Assess: A top speed of 16.9 m/s (roughly 40 mph) seems quite reasonable for this acceleration, and a coasting 
distance of nearly 150 m also seems possible, starting from a high speed, given that we’re neglecting air resistance. 

6.50. Model: We assume the suitcase is a particle accelerating horizontally under the influence of friction only. 

Visualize: 


Pictorial representation 



• r 0’ l ’o. 'o 





•-- •- 


a 


Known _ 

m = 10 kg /r s = 0.5 
v 0 = 0 m/s /i k = 0.3 
V! = 2.0 m/s 

Find 


n 

A 



Solve: Because the conveyor belt is already moving, friction drags your suitcase to the right. It will accelerate until it 
matches the speed of the belt. We need to know the horizontal acceleration. Since there’s no acceleration in the 
vertical direction, we can apply Newton’s first law to find the normal force: 

n =Fq = mg =(10 kg)(9.80 m/s 2 ) = 98.0 N 

The suitcase is accelerating, so we use // k to find the friction force 


A = Mkmg = (0.3)(98.0 N) = 29.4 N 

We can find the horizontal acceleration from Newton’s second law: 

f. 29 4 N i 

(F oet ) x = I= A = ma => a = = ——— = 2.94 m/s 

m 10 kg 

From one of the kinematic equations: 

v 2 = Vo + 2«(x, -x 0 ) => Xj -x 0 = Vl ~ v ° = ( 2 - 0m/s ) ~(0m/s) = Q 6g m 


2 a 


2(2.94 m/s-) 


The suitcase travels 0.68 m before catching up with the belt and riding smoothly. 

Assess: If we imagine throwing a suitcase at a speed of 2.0 m/s onto a motionless surface, 0.68 m seems a 
reasonable distance for it to slide before stopping. 
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6.51. Model: We will represent the wood block as a particle, and use the model of kinetic friction and kinematics. 
Assume w sin 0 > f s , so it does not hang up at the top. 

Visualize: 


Pictorial representation 


Known _ 

6 = 30° m = 2 kg 
*0 = 0 r 0 =10m/s 

'o = 0 r, = 0 

* 2 = 0 

Find 

h = *|SinO and Its I 



y y 




The block ends where it starts, so x 2 =x 0 = 0 m. We expect v 2 to be negative, because the block will be moving in 
the -x-direction, so we’ll want to take | v 2 1 as the final speed. Because of friction, we expect to find |v 2 1< v 0 . 

Solve: (a) The friction force is opposite to v, so / k points down the slope during the first half of the motion and up 

the slope during the second half. Fq and n are the only other forces. Newton’s second law for the upward motion is 

_ (^net)* _ -A g sin 0-f k _ -mg sin 0 -/ k 

a x ~ a 0- ----- 

m m m 

„ , 2 (^net)v n-F c c OS0 n-mg COS0 

a = 0m/s =-^ =-—-=- 

m m m 

The friction model is / k = /r k n. First solve the y-equation to give n = mg cos 6. Use this in the friction model to 
get / k = ju k mg cos 0. Now substitute this result for / k into the x-equation: 

a 0 = ~ m S sm 0~Fk m gcos0 = _^ (s . n Q + ^ cos6>) = _ (9 g m / s 2)( sin30 o + o.20cos30°) = -6.60 m/s 2 
m 


Kinematics now gives 


2 2 -,, n Vi 2 -Vn 0 m 2 /s 2 -(10 m/s) 2 _ 

vf = Vq + 2a 0 (x 1 -x 0 ) Xj = — -— =-— = 7.6 m 


2 a 0 2(-6.60 m/s 2 ) 

The block’s height is then h =X!sin// = (7.6 m)sin30° = 3.8 m. 

(b) For the return trip, / k points up the slope, so the x-component of the second law is 

_C^net)* _ ~ F G sin0 + fk _ -mgsm0 + f k 

LI x — LA, | — — — 

m m m 

Note the sign change. The y-equation and the friction model are unchanged, so we have 

aj =-§(810 /?-^008 0) =-3.20 m/s 2 
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The kinematics for the return trip are 

v 2 = v \ + 2a 1 (jc 2 - x{) => v 2 = ^-2a 1 x 1 = ^2(-3.20 m/s 2 )(-7.6 m) = -7.0 m/s 

Notice that we used the negative square root because v 2 is a velocity with the vector pointing in the -x-direction. 
The final speed is | v 2 1= 7.0 m/s. 

6.52. Model: We will model the sled and friend as a particle, and use the model of kinetic friction because the sled 
is in motion. 

Visualize: 


Pictorial representation 


V 




The net force on the sled is zero (note the constant speed of the sled). That means the component of the pulling force 
along the +x-direction is equal to the magnitude of the kinetic force of friction in the -x-direction. Also note that 
(F nct ) v = 0 N, since the sled is not moving along the y-axis. 

Solve: Newton’s second law is 

(^net)x = = n x + (F G ) x+ (f k ) x + (F pu]] ) x = 0 N + 0 N-/ k + F pull cos# = 0 N 

(N net ) v = HF y = n y + ( F G ) y + (/ k ) ,, + (Fpjju)^ =n- mg + 0 N + F pull sin# = 0 N 
The x-component equation using the kinetic friction model / k = p k n reduces to 


The y-component equation gives 


n=mg-F pall sin# 


We see that the normal force is smaller than the gravitational force because F pu u has a component in a direction 
opposite to the direction of the gravitational force. In other words, F pull is partly lifting the sled. From the 
x-component equation, p k can now be obtained as 


F pull cos# _ (75 N)(cos30°) _ 

mg -F p uusin# ~ (60 kg)(9.80 m/s 2 )-(75 N)(sin30°) 


Assess: A quick glance at the various // k values in Table 6.1 suggests that a value of 0.12 for /u k is reasonable. 
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6.53. Model: Model the small box as a particle and use the model of static friction. The acceleration of the small 
box must be the same as the acceleration of the large box in order for it not to slip. 

Visualize: First use Newton’s second law in both directions on the small box. The force that is responsible for the 
small box’s acceleration is the static friction force. We use this to determine a max . Then we use Newton’s second 
law on the the two-box system. 


Pictorial representation 

y 


Known _ 

Box m = 5.0 kg 
Sled M = 10 kg 
Ms = 0.5 

Find _ 

T 

1 max 



N 


r (^(j):slcd+box 
Box-sled system 


Solve: 

(a) 


Now consider the two-box system. 


Put these together to arrive at 


ZF V = n - mg = 0 => n = mg 
ZF x =f s =ma x 

C/s)max — th n ~ Ms m g ~ ma max 
^max — Fsg 

ZF X — T max — (M + ^)# max 

T ma x=(M + rn)jU s g 


(b) Insert the known values for M and m , and look up ju s for wood on wood in the table. 

7max = (10 kg + 5 kg)(0.5)(9.8 m/s 2 ) = 73.5 N a 74 N 


Assess: Check the reasonableness of our answer by examining the dependence of r max on ju s \ if the small box were 
glued to the large box (ju s —> oo) then one could pull on the rope with any tension desired; if the friction between the 
two boxes were zero then one could not pull at all without causing the small box to slip. We expect a similar 
dependence on g. 
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6.54. Model: Model the steel cabinet as a particle. It touches the truck’s bed, so only the steel bed can exert contact 
forces on the cabinet. As long as the cabinet does not slide, the acceleration a of the cabinet is equal to the 
acceleration of the truck. 

Visualize: First use Newton’s second law in both directions on the cabinet. The force that is responsible for the 
small box’s acceleration is the static friction force. We use this to detennine a. 

Pictorial representation 



'’(>• t o 


a 

1 1 




_§ 




•Xl.V’l.h 


Known 

*0 = 0 'o = ° 
i’o = 15 m/s 
= 0.80 
v, =0 



/ s 


Find 


*l - *o = *i 


Solve: 

(a) 


r 


Stops 



Motion of the truck 


IF =n-mg = 0 => 77 = mg 


£ F x = -f s = ma x 

-(/s)max = -As « = ~F s mg = ma x 

a x = ~M s g 


Now use the kinematic equation vf = Vq + 2a Ax where Ax = d mm 


Vi -v n 


-v n 


2 a x 2 (~M s g) 


and V[ =0. 


2(A s g) 


(b) Insert the known value for v ; 0 and look up Ms f° r steel on steel i n the table. 


(15 m/s)" 


2(0.80)(9.8 m/s 2 ) 


- = 14.35 m ~ 14 m 


Assess: Check the reasonableness of our answer by examining the dependence of r max on m s '- if the cabinet were 
glued to the truck (m s —> oo) then one could stop in an arbitrarily small distance without the cabinet slipping; if the 
friction between the cabinet and truck were zero then d mm = oo and there is no minimum stopping distance without 
causing the cabinet to slip. 


6.55. Model: The antiques (mass =m) in the back of your pickup (mass =M ) will be treated as a particle. The 

antiques touch the truck’s steel bed, so only the steel bed can exert contact forces on the antiques. The pickup- 
antiques system will also be treated as a particle, and the contact force on this particle will be due to the road. 
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Visualize: 

Pictorial representation 



Antiques 


Solve: (a) We will find the smallest coefficient of friction that allows the truck to stop in 55 m, then compare that to 
the known coefficients for rubber on concrete. For the pickup-antiques system, with mass m + M, Newton’s second 
law is 

(^net)x = = N * + 0^g)pa)x + (/), =0 N + 0 N-/ = (m + M)a x = (m + M)a 

(F net ) y =YF y = N y + ((F g ) pa ) v + (/) v = N -(m +M)g + 0 N = 0 N 
The model of static friction is / = /uN, where /u is the coefficient of friction between the tires and the road. These 

equations can be combined to yield a=-/ig. Since constant-acceleration kinematics gives if = Vq +2a(x ] + x 0 ), 
we find 

a = Vl - V ° => jUmin = -—-=- (25 m/ 2 S) -= 0.58 

2(x, -x 0 ) 2g(x, -x 0 ) (2)(9.8 m/s 2 )(55 m) 

The truck cannot stop if /u is smaller than this. But both the static and kinetic coefficients of friction, 1.00 and 0.80 
respectively (see Table 6.1), are larger. So the truck can stop. 

(b) The analysis of the pickup-antiques system applies to the antiques, and it gives the same value of 0.58 for // m ; n . 
This value is smaller than the given coefficient of static friction (// s = 0.60) between the antiques and the truck bed. 
Therefore, the antiques will not slide as the truck is stopped over a distance of 55 m. 

Assess: The analysis of parts (a) and (b) are the same because mass cancels out of the calculations. According to the 
California Highway Patrol Web site, the stopping distance (with zero reaction time) for a passenger vehicle traveling 
at 25 m/s or 82 ft/s is approximately 43 m. This is smaller than the 55 m over which you are asked to stop the truck. 
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6.56. Model: The box will be treated as a particle. Because the box slides down a vertical wood wall, we will also 
use the model of kinetic friction. 

Visualize: 



Solve: The normal force due to the wall, which is perpendicular to the wall, is here to the right. The box slides down 
the wall at constant speed, so a = 0 and the box is in dynamic equilibrium. Thus, F net = 0. Newton’s second law for 
this equilibrium situation is 

(^net)x = o N = n - F push cos 45° 

C^net),. = 0 N = fk + F push sin45° - F g = f k + F push sin 45° - mg 


The friction force is / k = /u k n. Using the x-equation to get an expression for n, we see that / k = p k F push cos45°. 
Substituting this into the v-equation and using Table 6.1 to find p k = 0.20 gives, 


Fk F push cos 45° + F push sin 45° - mg = 0 N 

mg _ (2,0 kg)(9.80 m/s 2 ) 

ju k cos45° + sin 45° 0.20cos45° + sin45° 


6.57. Model: Use the particle model for the block and the model of static friction. 
Visualize: 



Solve: The block is initially at rest, so initially the friction force is static friction. If the 12 N push is too strong, the 
box will begin to move up the wall. If it is too weak, the box will begin to slide down the wall. And if the pushing 
force is within the proper range, the box will remain stuck in place. First, let’s evaluate the sum of all the forces 
except friction: 

YjF x = n - Tp Ush cos30° = 0 N=> n = /p ush cos30° 

HF V =F push sin30°-F G =F push sin30°-mg = (12 N)sin30°-(1 kg)(9.8 m/s 2 ) = -3.8 N 

In the first equation we utilized the fact that any motion is parallel to the wall, so a x =0 m/s 2 . These three forces 
add up to -3.8/'N. This means the static friction force will be able to prevent the box from moving if 
f s = +3.8 j N. Using the x-equation and the friction model we get 

(/s)max = TV 7 = MsFpnsh cos30° = 5.2 N 
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where we used p s = 0.5 for wood on wood. The static friction force / s needed to keep the box from moving is less 
than (/ s ) max . Thus the box will stay at rest. 


6.58. Visualize: The book is in static equilibrium so the net force is zero. The maximum static frictional force the 
person can exert will determine the heaviest book he can hold. 

Solve: Consider the free-body diagram below. The force of the fingers on the book is the reaction force to the 
normal force of the book on the fingers, so it is exactly equal and opposite the normal force on the fingers. 


v 



The maximal static friction force will be equal to / s max = p s n = (0.80)(6.0 N) = 4.8 N. The frictional force is exerted 
on both sides of the book. Considering the forces in the y-direction, we have that the weight supported by the 
maximal frictional force is 

w — fs max fs max ‘ ~./s max — 9.6 N 

Assess: Note that the forces on both sides of the book are exactly equal also because the book is in equilibrium. 


6.59. Model: The ball is a particle experiencing a drag force and traveling at twice its tenninal velocity. 
Visualize: 


y y 



Shot straight up Shot straight down 


Solve: (a) An object falling at greater than its terminal velocity will slow down to its tenninal velocity. Thus the 
drag force is greater than the force of gravity, as shown in the free-body diagrams. When the ball is shot straight up, 

(£F) y = ma = ~(F g +D) = mg + ^CpAv 2 j = -mg ~^CpA( 2v term ) 2 = 

-mg - j = ~ m 8 - ( 4m g) = ~5mg 

Thus a=—5g, where the minus sign indicates the downward direction. We have used Equations 6.15 for the drag 
force and 6.16 for the terminal velocity. 

(b) When the ball is shot straight down, 

(ZF) = ma =D-F g = 2 CpA(2v tetm ) 2 - mg = \:CpJ\ 4 -^- - mg = 3 mg 
2 2 y CpA 

Thus a = 3 g, this time directed upward. 
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(c) 





The ball will slow down to its terminal velocity, slowing quickly at first, and more slowly as it gets closer to the 
terminal velocity because the drag force decreases as the ball slows. 

6.60. Model: The helicopter is a sphere that has air drag. 

Visualize: The strategy will be to use Newton’s second law to figure out the drag force; we can then solve for 
Vj 2 and use a kinematic equation to find y t . 



■ y o- »’o- 'o 


Known 
m = 2500 kg 
a = 1.7 m/s 2 
^thrust = 29 kN 
r = 1.3 m 
C = 0.5 
p = 1.2 kg/m-' 
e 0 = 0 
Vo = 0 

Find _ 

.V| 



Solve: 


SLl, ^thrust ^drae m S W1P => ^draa ^thrust m S ma ^ CpA l’| 


Solve for v 2 and put in the given values. 

2 _ 2(F thrus t -mg-ma) _ 2(29 kN-(2500 kg)(9.8m/s 2 ) —(2500 kg)(1.7 m/s 2 )) _ 2/ 2 

Vj —-——:-—-^^-— l j / m / s 


CpA 


(0.5)(1.2kg/mV(1.3m) 2 


Now use a kinematic equation to find A y. Use Vq = 0. 


\\ =v 0 +2a v A.v=>Ay = -— 


vf _ 157 m"/s 2 


2 a 2(1.7 m/s 2 ) 


- = 46 m 


Assess: This seems like a reasonable height for a helicopter. 


6.61. Model: The astronaut is a particle oscillating on a spring. 

. . . dx 

Solve: (a) The position versus time function x{t) can be used to find the velocity versus time function v(t) = —. 

dt 


We have 


v(t) = 


—{(0.30 m)sin((/z- rad/s)/)} = (0.307T m/s)cos((/r rad/s)/) 
dt 
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This can then be used to find the acceleration a{t) = —. 

dt 

a(t)= —- =-(0.30k 2 m/s 2 )sin((;r rad/s)t) 
dt 

Newton’s second law yields a general expression for the force on the astronaut. 

F net (t) = ma(t) = -(75 kg)(0.30;r 2 m/s 2 )sin((;r rad/s)t) 

Evaluating this at f = 1.0 s gives F net (1.0 s) = 0N, since sin(;r) = 0. 

(b) Evaluating at t = 1.5 s, 

F net = -22.5 n 2 N sin (^yj = 2.2 x 10 2 N 

Assess: The force of 220 N is only one-third of the astronaut’s weight on earth, so is easy for her to withstand. 


6.62. Solve: Using a x = we express Newton’s second law as a differential equation, which we then use to 
dt 

solve for v v . 


_ dv y , F r , ct , 

F x = m —— => dv x = -*-dt = —dt 
dt m m 

Integrating from the initial to final conditions for each variable of integration, 

' 2 
Ct 


P dv x = — J tdt => v x -v 0x = — 


o 


2m 


Thus 


v x ~ v 0x + 


ct 

2m 


6.63. Model: Model the object as a particle. The acceleration is not constant so we can’t use the kinematic 
equations. All the motion is in the Jt-direction. 

Visualize: Divide F by m to get a and then integrate twice. The constants of integration are both zero because of the 
initial conditions. 

Solve: 


(a) 


(b) 


u T (0 = ^ = pl-- 


v(0 = j a x dt = —jfl = — 

J m J \ 1 ) m 


*2 j 


t-- 


m 


v 

rr.2 \ 

T - 

2 T 

v J 


2 T 


F^T_ 
m 2 


111 


*2 j 


t — 


2 T 


< 

II 

1 ^ 

© J 

f 

t — 

dt=^\ 

| 

1 

U-I 

+ Xq= — 
m 

[V 

J m J 

l 2T J 

m 1 

l 2 6T J 

l 2 - 6rJ 


47) = — 

m 


( j^2 

2 


3 3 


T 

~6T 


F 0 T z 


m 3 


Assess: It seems reasonable that the velocity after time T would increase with T and that the position at time T would 

• • 2 
increase with T . 
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6.64. Model: Model the object as a particle. The acceleration is not constant so we can’t use the kinematic 
equations. All the motion is in the x-direction. 

Visualize: Divide F by m to get a and then integrate twice. The constants of integration are both zero because of the 
initial conditions. 

Solve: 



(b) After a very long time the decaying exponential term is close to zero so v x (t) —T. 

in 

Assess: It seems reasonable that the velocity after time T would increase with T and that the position at time T would 
increase with T~. 


6.65. Model: Use the linear model of drag. Assume the microorganisms are swimming in water at 20°C. 
Visualize: The viscosity of water is 77 = 1.0xl0 _3 N-s/m 2 at 20°C. 

Solve: 

(a) 

= ^prop - D = 0 => F prop = 6 nrjRv 

For a paramecium 

F prop =6;r(1.0xl(T 3 N-s/m 2 )(50xl(r 6 m)(0.0010 m/s) = 9.4xl(T 10 N 
For an E. coli bacterium 

.F prop =6;r(1.0xl(r 3 N-s/m 2 )(1.0xl0' 6 m)(30xl(T 6 m/s) = 5.7xl0^ 13 N 
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For a paramecium 


For an E. coli bacterium 


9.4xlCr 10 N 


(1000kg/m 3 )^(50xl0^ 6 m) 3 


5.7xl(T 13 N 


■ = 1.8 m/s 


a - 


(1000kg/m 3 )|;r(1.0xl0~ 6 m) 3 


= 135 m/s" 


Assess: The two accelerations are within a factor of two of each other. 


6.66. Model: The skater is a cylinder with air drag on the side of the cylinder, so C = 1.1. Drag is the net force. 
Visualize: Set up the coordinate system so the drag is positive (to the right) and the velocity is to the left. 



Known _ 

m = 60 kg 
v 0 = -4.0 m/s 
4 = 0.36 m 
t=l.7m 
C = 1.1 
p = 1.2 kg/nd 

Find_ 


Solve: The strategy will be to use Newton’s second law and then integrate the resulting equation in v. 

1 .—i . 2 dv 

—CpAv =ma = m — 

2 dt 


Put v and t on opposite sides of the equation and integrate. 


i CpA, \dt=\ dv ^ CpA At = 

r 

n 

i i ’ 

m J J v m 

t\ v 0 

V 

v 0 

V 1 v 0 _ 


1 \CpA 


At 


m 


- 1 ( 


1 


(1.1)(1.2 kg/m 3 )(0.36 m)(1.7 m) 


V 1 


-4.0 m/s 


60 kg 


(2.0 s) 


= -3.8 m/s 


The negative sign indicates direction, so the speed is 3.8 m/s. 

Assess: This is only a moderate decrease in speed, but the skater isn’t moving very fast, so the drag isn’t large. 
6.67. Model: Use the linear model of drag. 

Visualize: The viscosity of air is 77 = 2.0xl0~ 5 N-s/m 2 at 25°C. The density of dust is p = 2700 kg/m 3 . 
Solve: 

(a) At terminal speed the net force is zero. 

Z E y = D-mg = 0 => 6 xr]Rv teim = mg 


* term 


mg 

6tttjR 
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(b) 


pVg _ p(j^R )g _ PjR g 


6kt/R 67UiR 6 77 

(2700 kg/m 3 )4(25x!0“ 6 m) 2 (9.8 m/s 2 ) 


6(2.0xl0 ~ 5 N-s/m 2 ) 


= 0.18375 m/s 


At = 


Ay 


300 m 


0.18375 m/s 


■ = 1633 s = 27 min 


Assess: 27 min sounds like a long time, but isn’t too surprising for dust 300 m in the air. 

6.68. Solve: (a) A 1.0 kg block is pulled across a level surface by a string, starting from rest. The string has a 
tension of 20 N, and the block’s coefficient of kinetic friction is 0.50. How long does it take the block to move 
1.0 m ? 

(b) Newton’s second law for the block is 

( F net)x _ T ~fk _ T ~Pk n 


a Y = a = - 


fl „ = 0 m /s 2 = (f ^=^ = ^ 


m m m ' m m m 

where we have incorporated the friction model into the first equation. The second equation gives n = mg. Sub¬ 
stituting this into the first equation gives 

T-p k mg 20N-4.9N 2 

a =-=-= 15.1 m/s 


m 


1.0 kg 


Constant acceleration kinematics gives 


1 2 1 2 

x 1 = x 0 + v 0 A t + —a{At) = —a(At) => A t = I—- ■ 

2 2 \ a 


2(1.0 m) 

15.1 m/s 2 


= 0.36 s 


6.69. Solve: (a) A 15,000 N truck starts from rest and moves down a 15° hill with the engine providing a 12,000 N 
force in the direction of the motion. Assume the frictional force between the truck and the road is very small. If the 
hill is 50 m long, what will be the speed of the truck at the bottom of the hill? 

(b) Newton’s second law is 

Y.F y = n y + F Gy + f y + E y = ma y = 0 

'EjF x = n x +F Gx + f x + E x = ma x => 0 N + F G sin 0 + 0 N + 12,000 N = ma 
mgsin0 + 12,000 N _ (15,000 N)sinl5° + 12,000 N 


=> a =- 


- = 10.4 m/s“ 


m (15,000 N/9 .8 m/s z ) 

where we have calculated the mass of the truck from the gravitational force on it. Using the constant-acceleration 
kinematic equation v x - v 0 = 2ax, 


v 2 = 2 a x x = 2(10.4 m/s 2 )(50 m) => v x = 32 m/s 
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6.70. Solve: (a) A driver traveling at 40 m/s in her 1500 kg auto slams on the brakes and skids to rest. How far 
does the auto slide before coming to rest? 


(b) 


Pictorial representation 



0 

• r <> v o- 'o 



Known _ 

.t 0 = 0 m / 0 = 0 s 
v 0 = 40 m/s 

= 0.8 m = 1500 kg 

Find 

Av 


A 


(C) Newton’s second law is 

Z F v = n y + ( F g ) v = rt-mg = ma v = 0 N T,F X = -0.80;? = ma x 

The v-component equation gives n = mg = (1500 kg)(9.8 m/s 2 ). Substituting this into the ^-component equation 
yields 


(1500 kg)^-0.80(1500 kg)(9.8 m/s 2 ) => a x = (-0.80)(9.8 m/s 2 ) = -7.8 m/s 2 
Using the constant-acceleration kinematic equation v 2 = v ( 2 + 2aAx, we find 


2 a 


Ax = -— = -- 


(40 m/s) 2 
2(-7.8 m/s 2 ) 


= 102 m 


6.71. Solve: (a) A 20.0 kg wooden crate is being pulled up a 20° wooden incline by a rope that is connected to an 
electric motor. The crate’s acceleration is measured to be 2.0 m/s 2 . The coefficient of kinetic friction between the 
crate and the incline is 0.20. Find the tension T in the rope. 

(b) 


Electric motor 




(C) Newton’s second law for this problem in the component fonn is 

(F net ) x = I F x = T -0.20;; -(20 kg)(9.80 m/s 2 )sin20° = (20 kg)(2.0 m/s 2 ) 

(F net ) v =ZF V =;?-(20 kg)(9.80 m/s 2 )cos20° = 0 N 

Solving the y-component equation, n = 184.18 N. Substituting this value for ;? in the x-component equation yields 
T = 144 N. 

6.72. Solve: (a) You wish to pull a 20 kg wooden crate across a wood floor (/? k =0.20) by pulling on a rope 
attached to the crate. Your pull is 100 N at an angle of 30° above the horizontal. What will be the acceleration of the 
crate? 
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PullP 




(c) Newton’s equations and the model of kinetic friction are 

Y t F x =n x + P x +(F G ) x + f x = 0N + (100 N)cos30° + 0 N-/ k =(100 N)cos30°-/ k =ma x 
YjF y = n y + P y + ( F g ) y +f y =n + (100 N) s i n 3 0 ° - mg - 0 N = ma y = 0 N 

/k = PvP 

From the y-component equation, n = 150 N. From the x-component equation and using the model of kinetic friction 
with /r k =0.20, 

(100 N)cos30°-(0.20)(150 N) = (20 kg )a x => a x = 2.8 m/s 2 


Challenge Problems 


6.73. Model: The acceleration of the block is not constant before it gets to L\ it increases until L and is then 
constant (with increasing v). 

Visualize: Since the coefficient of friction is a function of the roughness of the two surfaces, it is understandable that 
it could be a function of x and not t. 

Solve: 

(a) Use the chain rule. 

_ dv x _ dv x dx _ dv x 
x dt dx dt x dx 


(b) 


^ F X = F o - /k = F o - Pk m 8 = F o - Mo | 1 - - I m s = ma x 


Now examine the result in part (a). 


j 7 

a x = — + m\ y~ l 

m \L 

fa x dx=fv x dv x 

l ~' + Fog (7 “ 1 " 1 v ^- dv * 


F o 

—x + Po g 
m 


^* 2 ^ 

-x 

V 2 L y 


= -v 2 + C 
2 


The constant of integration C is zero because v x - 0 at x = 0. 


v x ( x ) =2 


F 0 

—x + Pq g 
m 


2 L 


--x 
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—L + /u 0 g 

fjui 

4 

^c +/ / 0 gf-|] 

= J4—-Fo g ) 

m 

l 2L J 

V 

|_ m \ 2 J 

\ { m ) 


v,W = ^2 

Assess: Check dependencies; we expect v x (L) to increase with L and decrease with increasing m, /j 0 , andg. 


6.74. Model: The ball experiences no air resistance in the toy gun. The net force is the spring force, but it isn’t 
constant. 

Visualize: The strategy will be to use Newton’s second law to and then integrate the resulting equation in v. 

Solve: (a) Use the chain rule from calculus. 

_ dv x _ dv x dx _ dv x 
x dt dx dt dx x 


(b) Put v and x on opposite sides of the equation, use a=F/m and integrate. 

_F X _ -kx _ , dv x 
x m m x dx 

-k 0 n 

— 1 xdx = 1 v x dv x 


-k 

m 


—x 2 

0 

1 2 

—v y 

_2 

-L 

_2 _ 


Cancel the Vi and solve for v,. 


Vi = , — L 


Assess: The units check out. 


6.75. Model: Assume the ball is a particle on a slope, and that the slope increases as the ^-displacement increases. 
Assume that there is no friction and that the ball is being accelerated to the right so that it remains at rest on the slope. 
Visualize: Although the ball is on a slope, it is accelerating to the right. Thus we’ll use a coordinate system with 
horizontal and vertical axes. 


Pictorial representation 



y 



Solve: Newton’s second law is 

YjF x = nsm9~ ma x HF = ncos0-F G = ma Y - 0 N 
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Combining the two equations, we get 

F c 

ma x = —— sin 9 = mg tan 9=>a x = g tan 6 
cost? 

The curve is described by y = x 2 . Its slope a position x is tan#, which is also the derivative of the curve. Hence, 

— = tan 9 = 2x => a x = (2 x)g 
dx 

(b) The acceleration at x = 0.20 m is a x = (2)(0.20)(9.8 m/s 2 ) = 3.9 m/s 2 . 


6.76. Visualize: 


5 


r 

At launch 



At time l later 


Solve: (a) The horizontal velocity as a function of time is determined by the horizontal net force. Newton’s second 
law as the x-direction gives 

(^net).T = ma x = ~Dcos9 = -bvcosO = -bv x 


Note that D points opposite to v, so the angle 9 with the x-axis is the same for both vectors, and the x components 
of both vectors have the same cos# term. As the particle changes direction as it falls, the evolution of the horizontal 
motion depends only on the horizontal component of the velocity. 

Thus 


d\’ x u 
m —— = -b\>. 

dt 


v x 9) dv ^ > 

Separating and integrating, [ —— =-[ dt 

J v v m i 


■In 


Ml L-A, 

V v o 


Solving, 


bt bnr]Rt 

V A-(0 = m = V 0 <? 


(b) The time to reach v(t) = — v 0 is found by solving for the time when 


67TT]Rt 


tr v o =v o e 


Hence 


t = 


m ln(2) 
6 nr]R 


With ^ = 1.0x10 3 Ns/m 2 , R = 2.0x 10 9 m, and m =0.033 kg, we get t = 61 s. 
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Assess: The magnitude of the acceleration is a x = 


67rr]R 


v = (1.1x10 2 s *)v . This is a small fraction of the 


velocity, so a time of about one minute to slow to half the initial speed is reasonable. 

6.77. Visualize: 


'F a 
At launch 



At time i later 


Solve: (a) Using the chain rule, a x =^ 2L = \^^-\ — \ = v x ^ 2L . 

* dt { dx A dt J dx 

(b) The horizontal motion is determined by using Newton’s second law in the horizontal direction. Using the free- 
body diagram at a later time t, 

(^net)x: = ma x ~ -DCOS# = —bvCOS0 = ~bv x 

Note that since D points opposite to v, the angle 0 with the jr-axis is the same for both vectors, and the 
jc-components of both vectors have the same cost? tenn. Thus 

dv. , 

ma x = mv x —— = —bv x 
dx 


Separating and integrating, 


Solving with x 0 = 0, 


f'iW, b ex(t) 

dv = - dx 

Jv o m Jx o 

=> v x (x) - v 0 =- (x(t) - x 0 ) 

111 


, . b 6 kiiR 

v x (x) = v 0 - x = v Q -X 

m m 


(c) The marble stops after traveling a distance d when v x (d ) = 0. 

6 n:ri R 


Hence 


v 0 =- 


m 

mv. 


o 


6 ktjR 


Using v 0 = 10 cm/s, R = 0.50 cm, m =1,0x 10 3 kg, and using i) = 1.0x10 3 Ns/m, 


d = 


(l.OxHT 3 kg)(0.10 m/s) 
6/r(1.0xl(T 3 Ns/m 2 )(5.0xl0 -3 m) 


= 1.1 m 


Assess: The equation for d indicates that a marble with a faster initial velocity travels a farther distance. 
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6.78. Model: We will model the object as a particle, and use the model of drag. 

Visualize: 


Pictorial representation 


Cross section 



Known _ 

v’ 0( , mass = m 

fo = 0 

Cross section area = A 
Find 



Solve: (a) We cannot use the constant-acceleration kinematic equations since the drag force causes the acceleration to 
change with time. Instead, we must use a x = dv x !dt and integrate to find v x . Newton’s second law for the object is 


(^net)x = % F x = D = ~ C P Av l = ma x = m ~n~ 
2 dt 


This can be written 


d\\ CpA 


dt 


\r 2m 

X 

We can integrate this from the start (v' 0r at t = 0) to the end (v x at ?): 


rxd± = CpAr‘ dt ^_± + _L__ 

Jv ox v z 2m J0 v x v 0x . 


CpA 

-/ 

2 m 


Solving for v x gives 


‘'Ox 


\ + CpAv 0x t/2m 


(b) Using A-(1.6 m)(1.4 m) = 2.24 m , v 0x =20 m/s, and m = 1500 kg, we get 


20 m/s 


20 


! | (0.35)(1.2 kg/m- i )(2.24 m z )t(20 m/s) 1 + 0.006272? 
+ 2x1500 


>t = 


1 


0.006272 


^20 m/s |' 
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where t is in seconds. We can now obtain the time t for v = 10 m/s: 


t = 


1 


0.006272 A 10 m/s 


20 ^-11 = 159.44|“-1 1 = 160 s 
10 


When v =5 m/s, then t = 480 s. 


(c) If the only force acting on the object was kinetic friction with, say, // k =0.05, that force would be 
(0.05)(1500 kg) (9.8 m/s 2 ) = 735 N. The drag force at an average speed of 10 m/s is D = i(2.24)(10) 2 N = 56 N. 
We conclude that it is not reasonable to neglect the kinetic friction force. 
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